xercise intolerance is a hallmark of heart failure (HF) and is predictive of all-cause mortality and hospitalizations. 1,2 Discouraging a sedentary lifestyle and promoting physical activity have both been shown to improve functional capacity, quality of life, and clinical outcome. 3, 4 Cardiac resynchronization therapy (CRT) restores the cardiac electro-mechanical synchrony, leading to improved pumping function in HF patients with ventricular conduction disturbances. Consequently, CRT is able to increase functional capacity, exercise tolerance, 5, 6 and aerobic capacity, 7 to delay the onset of anaerobic metabolism, 5 and to decrease the sympathetic drive of the heart. 8 All these effects have been reported mainly in CRT patients with sinus rhythm (SR) within a few months after device implantation. 5, 6 Long-term exercise data in HF patients treated with CRT are limited. Furthermore, etiology-, rhythm-, diabetes-, and age-related differences in the improvement in functionCirculation Journal Vol.71, December 2007 al capacity after CRT have not yet been fully evaluated.
more, we focused on etiology-, rhythm-, diabetes-, and agerelated differences in the improvement in physical activity after CRT.
Methods

Patient Population
Data from device-based monitoring of the physical activity of 178 consecutive patients with moderate to severe HF and a ventricular conduction delay (QRS duration ≥120 ms) who were treated with CRT were prospectively collected. The indication for CRT implantation was symptomatic HF with New York Heart Association (NYHA) functional class ≥III because of left ventricular dysfunction (end-diastolic diameter ≥55 mm, ejection fraction (EF) ≤35%: confirmed by echocardiography using Simpson's method), despite optimized and stable medical therapy (>3 months). All patients were implanted with a CRT device at the Division of Cardiology, University Hospital in Magdeburg after giving written and oral consent to the procedure and data collection. The research protocol was approved by the locally appointed ethics committee.
The etiology of HF was documented by coronary angiography in all patients before CRT implantation. Elderly patients were considered to be those aged 65 or older. Atrial fibrillation (AF) patients were considered to be only those presenting with permanent AF. The patients were subdivided into diabetic and non-diabetic groups according to the criteria of the Expert Committee on the Diagnosis and Classification of Diabetes. 13 CRT was delivered using a left ventricular lead implanted in a lateral or posterolateral vein, in addition to the standard right ventricular and right atrial leads. In the patients in SR, the CRT devices were programmed into an atrial-synchronous biventricular pacing mode, with the lower rate limit set at 40 beats/min and upper rate limit at 130 beats/min. The atrioventricular delay was optimized by invasive monitoring of the pulse pressure or left ventricular first derivative pressure, as previously reported. 6 In patients with AF, the CRT devices were programmed in the VVIR mode with the lower rate limit set at 65 beats/min and the rate response individualized based on a short walking exercise.
None of the patients entered a training program, although spontaneous physical activity was encouraged. Patients were evaluated at the 1 st , 3 rd , and 6 th month after CRT implantation, and every 6 months thereafter. Echocardiographic evaluation and symptom-limited cardiopulmonary exercise testing were performed before and 6, 12, and 24 months after CRT implantation. Changes in medications or programming settings were recorded. Furthermore, at each follow-up visit, the stored data, including the arrhythmic episodes and device-based monitoring of the heart rate profile and heart rate variability, were retrieved and saved onto disks for further off-line analyses.
Measurement of Daily Physical Activity
All patients received CRT devices capable of continuous, automatic monitoring of physical activity (ie, Contak Renewal TR 2, Renewal I, II, IV; Guidant, St Paul, MN, USA) and which implemented the same algorithm, previously reported by Kadhiresan et al, for measuring the ALI. 11 Briefly, ALI was defined as the percentage of time during which the acceleration exceeded a pre-set fixed threshold at 50 mG (0.49 m/s 2 ); this threshold corresponded to a treadmill walk speed of approximately 3.2 km/h, equivalent to 2.8 METS. The CRT devices automatically and continuously recorded the ALI, providing a daily mean value for the past week and a weekly mean value for the previous period. The mean value of the first week after implantation was considered to be the baseline. 
Statistical Analysis
All data are expressed as the mean ± standard deviation. An exponential fitting equation (see Appendix 1) was used to describe the dynamic changes in the ALI over time, in particular to define the slope of the increase and the time to the plateau. The values at, and the time taken to reach, 90%, 95%, and 99% of the plateau have been defined. Paired and unpaired Student's t-test and the Chi-square test were used when appropriate. SPSS software version 10 was used (Chicago, IL, USA), and for all the tests the level of significance was set at p<0.05. Table 1 presents the baseline demographic, clinical, and hemodynamic characteristics of all the patients enrolled in the study. Most of the patients were males (80%) presenting with coronary artery disease (60%) and stable SR (81%). All the patients had a depressed left ventricular EF (21±6%) and severely dilated left ventricles (69±9 mm). Approximately 41% of the patients had diabetes. Most of the patients (83%) received a CRT device with a cardioverter -defibrillator back-up (CRT-D), which was indicated because of a history of ventricular arrhythmias (21%) or for primary prevention (79%). A few patients (16%) received amiodarone for AF prevention or suppression of runs of ventricular tachycardia. Except for diuretics, which were frequently reduced, no further dosage adjustment of angiotensin-converting-enzyme inhibitors or angiotensin-receptor blockers was usually made. No patient was crossed over to any other -blocking agent, but a dosage increase was attempted in 8 patients, 4-6 months after CRT implantation.
Results
Most of the patients (83%) were de-novo implanted, but in 31 patients the device was replaced 43±17 months after the first implantation because of battery depletion. The denovo implanted patients differed from the others (Table 1) by presenting more often with an ischemic etiology (62 vs 43%, p<0.05) and more frequently receiving a CRT-D device (90 vs 53%, p<0.01).
The older patients (≥65 years, n=68) differed from the younger ones by presenting more frequently with an ischemic etiology (74 vs 53%, p<0.03), diabetes (47 vs 22%, p<0.01), and less dilated left ventricle (end-diastolic diameter: 67±8 vs 71±8 mm, p<0.01). Ischemic patients differed from the idiopathic ones in that they were more frequently male (88 vs 69%, p<0.02) and presented with a significantly higher resting heart rate (77±16 vs 70±14 beats/min, p< 0.03). The patients with permanent AF did not differ in any clinical, echocardiographic or hemodynamic parameters from those in SR. Similarly, the diabetic patients did not differ from the non-diabetic ones in any characteristic.
Outcome After CRT
Clinical follow-up and device interrogation were possible in all patients. At 1-year follow-up in the de-novo implanted patients, the NYHA functional class decreased from 3.1± 0.4 to 2.1±0.5 (p<0.01), left ventricular EF increased from 21±7 to 23±8% (p<0.01), left ventricular end-diastolic diameter decreased from 69±9 to 66±8 mm (p<0.01) and oxygen consumption at peak exercise improved from 13.4± 4.2 to 16.5±2.8 ml·kg -1 ·min -1 (p<0.01).
Over a mean follow-up period of 668±352 days, 17 patients (10%, 5 of those with device replacement) died and 2 underwent urgent heart transplantation. The cause of death was HF in 7 patients, sudden cardiac death in 3 and non-cardiac causes in 7. Twenty-five patients (14%) received an appropriate shock from the CRT-D device because of ventricular fibrillation or fast ventricular tachycardia (>180 beats/min). Seven patients (4%) received an inappropriate shock from the CRT-D device because of the occurrence of rapidly conducting AF. Forty-three patients (24%) were hospitalized at least once for cardiovascular reasons.
Improvement of Physical Activity in De-Novo Implanted Patients
Over the follow-up, in the de-novo implanted patients there was a large increase in the ALI shortly after device implantation. The ALI increased from a baseline value of 3.6±2.0 to 11.2±4.6 (p<0.005) at 104 weeks after CRT initiation (Fig 1) . The ALI changes were segregated into 3 phases: a first phase (>3 weeks after implantation) showing a very steep slope (Fig 1) ; a second phase (from week 4 to week 12) characterized by a less steep increase in ALI, which was statistically different from that of the first phase (p<0.05); finally, a third phase represented by a plateau (from week 13 up to week 104), the slope of which was again significantly different from that of the second phase (p<0.05) (Fig 1) .
The ALI changes were best fitted by a monotonic exponential curve (Fig 1) and 90%, 95%, and 99% of the plateau was reached 5.9±0.5, 7.4±0.6 and 11.8±1.0 weeks, respectively, after CRT implantation.
Despite a significant increase in the ALI and oxygen consumption at the anaerobic threshold and at peak exercise, no statistically significant correlation was found between the changes in these parameters (Table 2) .
In patients who experienced deterioration of HF (ie, death, heart transplantation, or hospitalization), the ALI showed various changes before the event. In some cases it decreased gradually from approximately 3-20 weeks before the episode; in others it decreased suddenly approximately 1-3 weeks before the event, whereas in some the ALI showed no obvious changes prior to the incident. The patients who died or underwent urgent heart transplantation did not show any difference in ALI as compared to the remainder of the population at any point in time during follow-up. There were no significant differences in the slopes in each phase between them, either.
Replacement vs De-Novo Implanted Patients
In patients in whom the CRT device was replaced, the ALI showed higher baseline values (4.7±3.2 units) compared with those undergoing de-novo implantation (3.6± 2.0 units, p<0.05), whereas plateau values did not differ. However, times to 90%, 95%, and 99% of plateau were significantly (p<0.001) longer in the de-novo implanted patients than in the patients undergoing replacement. Consistently, the slopes of phases 1 and 3 were similar in these 2 subgroups (p=NS for both slopes), whereas the slope of phase 2 was significantly steeper in the de-novo implanted patients (p<0.05), being flat in the replacement group. Fig 1 shows that, compared with the replacement patients who had almost reached the plateau at 4 weeks after re-implantation, the de-novo implanted patients had a continuous increase in the ALI in the period between weeks 4 and 12. 
Influence of Etiology, Heart Rhythm, Diabetes, and Age on ALI
The analysis of ALI improvement after CRT in different HF populations was performed only among the de-novo implanted patients. No statistically significant difference in the extent of physical activity at baseline was found between the ischemic and non-ischemic patients, between patients in SR and those with permanent AF, or between diabetic and non-diabetic patients (Fig 2) . Similarly, the ALI values reached at any point in time, and in particular at the end of the first and second phases and the plateau, did not significantly differ between the subgroups.
Although the younger (<65 years old) and older (≥65 years old) patients had similar ALIs at baseline, the younger patients reached significantly higher values during the entire follow-up and at the plateau (13.3±4.8 vs 9.5± 4.2, p<0.001) (Fig 2) .
Discussion
This study shows that long-term device-based monitoring of the physical activity of HF patients treated with CRT is feasible. CRT resulted in a large and long-term sustained improvement in spontaneous physical activity, as arbitrarily measured by the ALI. This improvement was accompanied by, but not statistically correlated with, increases in oxygen consumption both at the anaerobic threshold and at peak exercise. The patients with different etiologies and rhythms, as well as diabetic and non-diabetic patients, obtained similarly large and sustained functional benefits from CRT. In contrast, there was an age-related difference in the magnitude of the increase in physical activity after CRT.
Sustained Benefit of CRT on Physical Activity
Braunschweig et al recently reported that in a limited number of patients followed up for 12 weeks automatic device-based monitoring of the physical activity was feasible, 12 and our data have confirmed that result in a much larger population with a longer follow-up and using different technology.
As shown in Fig 1, the low ALI during the first week after initiation of CRT was clearly related to post-implantation recovery. The steep increase in the ALI during the 3 weeks following implantation was probably still related to recovery after hospitalization. That hypothesis was supported by the overlapping of the phase between the de-novo and re-implanted patients. The second phase, from week 4 to 12, during which a continuous increase in ALI was observed, may represent the improvement in physical activity induced by CRT. Indeed, this phase was noted exclusively in the patients who received a de-novo device, whereas the patients with device replacement had already almost reached the plateau by week 4 after re-implantation. Further, the plateau values were similar for both subgroups and phase 3 expressed the long-term, sustained effects of CRT on physical activity.
The changes in physical activity resembled the effect of a training program, 3 but occurred without formal participation in such a program. The increased functional capacity over the follow-up was probably because of improved car- diac performance 14, 15 and stroke volume, 5 reduced mitral regurgitation, 16, 17 and reduced sympathetic drive to the heart. 5, 8 Moreover, the patients' motivation to do physical activity may have increased as exercise tolerance improved, by interrupting the vicious cycle of exertional dyspnea leading to less willingness to exercise, reduction in the endurance capacity, increased sympathetic drive, higher resting heart rate causing exertional dyspnea, and so forth.
Improvement in the Physical Activity of Different HF Population Groups During CRT
For the first time, we have reported the effect of CRT on the spontaneous physical activity of different HF population groups. Whether CRT is equally beneficial in ischemic and non-ischemic patients, and in those in SR or with AF, is still a matter of debate. Our data demonstrated a similar improvement in the spontaneous physical activity induced by CRT in ischemic and non-ischemic patients, as well as in those with SR or AF. These findings confirm the recent reports on outcome after CRT in HF patients with different etiologies or underlying rhythms. 18, 19 Diabetes is an important comorbidity in HF patients, significantly worsening their prognosis. 20 Usually, diabetic patients have a lower functional capacity, despite the best optimized therapy for HF. 21 Our data showed that CRT induced a similar improvement in physical activity in diabetic and non-diabetic patients. Increased exercise tolerance in diabetic patients treated with CRT may lead to an improved prognosis, but this needs to be tested in a larger prospective randomized study.
We have also showed that CRT improved the physical activity of HF patients older than 65 years of age. We arbitrarily set the cut-off for age, based on the mean value of our study cohort. Patients older than 65 years improved less than the younger patients, which is not surprising considering that degenerative processes, independent of HF, reduce the endurance capability of older patients. Nevertheless, in both age groups the increase in the physical activity was large and sustained over the long-term following the initiation of CRT. An increased level of spontaneous physical activity, especially in older patients, may greatly contribute to an improved feeling of well-being. Thus, based on the present data, CRT may be prescribed in older HF population cohorts; however, the effect of CRT in the geriatric population (>75 years old) needs to be further investigated as only 7% of the present population was represented by patients over 75 years of age at the time of CRT implantation.
Issues Related to ALI Monitoring
Although ALI monitoring can be a useful objective tool for identifying patients who continue to have limited physical activity even after CRT, we were not able to determine a cut-off for the ALI changes that are predictive of different outcomes. There were no significant differences in the ALI values or the slopes in each phase between the patients who died or underwent urgent heart transplantation and the remainder of the population during follow-up. Moreover, it might be difficult to detect a deterioration of HF in the early phase only by monitoring the ALI values because they showed a variety of changes among the patients before worsening of HF. In contrast, the distance walked during 6 min has been proven to be predictive of outcome. 1 This finding may question the value of the ALI as a surrogate endpoint for prognosis. A large inter-individual variability in ALI or the method of calculating ALI could be the source of such a difference. Physical training improves outcome 3 as results of increasing endurance capacity and the magnitude of the physical activity. With the devices used in the present study, the ALI represented the percentage of time during which acceleration exceeded a pre-set fixed threshold at 50 mG corresponding to 3.2 km/h. Thus, it is possible that because of improved hemodynamic status, many patients experienced prolonged physical activity throughout the day but which was not strenuous enough to overcome the pre-defined acceleration threshold. The value may have been too high to evaluate the improvement in physical activity in elderly and untrained patients. Thus, an individualized threshold for ALI measurements may be more desirable.
The considerable increase in the ALI values corresponded to improvement in oxygen consumption at both the peak exercise and the anaerobic threshold, although there was no statistically significant correlation between the changes in these parameters, in contrast to a previous report. 11 The lack of strong associations between them in the present study is likely explained, in part, by the fact that they assess different aspects of functional status, reflecting different facets of health status, and perhaps the more indicative way of assessing a patient's true functional impairment is to measure activity during normal daily life, which formal laboratorybased exercise tests do not truly represent. As laboratorybased exercise testing is a somewhat 'unnatural' form of exercise that bears little relation to typical activity patterns, their usefulness as a true representation of patients' abilities is questionable. Scores of daily activity may be influenced much more by psychological or other factors, in addition to physical capability.
Daily activity levels measured with pedometers bear no relation to patients' performance in laboratory-based exercise tests; 22 however, it has been demonstrated that the pedometer score is a powerful predictor of survival in chronic HF and appears to be more powerful than laboratory-based exercise tests. 23 Therefore, this type of less artificial means of continuous daily assessment is valuable in identifying patients at high risk and provides an objective measure of incapacity over a longer time period within the normal everyday environment. The ALI value, a novel monitoring feature that is an objective measurement of functional capacity, has potential for wide clinical use, and the impact of this on HF management should be further evaluated in larger controlled studies.
Study Limitations
One limitation of our study was the lack of ALI evaluation before CRT implantation or during the no treatment period (CRT-off period), which could validate our conclusions. We tried to overcome this limitation by comparing the time-course of the ALI values observed between the denovo implanted and re-implanted patients. In that way we were able to appreciate the influence of the recovery phase and to limit it to the first 3 weeks after implantation. This hypothesis is supported by the overlapping of this phase in the de-novo and re-implanted patients. Furthermore, the second phase (from weeks 4 to 12), which very likely reflected the real improvement in physical activity induced by CRT, was noted exclusively in patients who received a de-novo device. Whether CRT will improve the physical activity of HF patients needs to be further investigated.
Another possible limitation of our study was the lack of a control group that underwent a coached training program. A technical limitation of ALI may be that it represents the weekly mean value of physical activity, which may have obscured clinically meaningful changes in physical activity during the week. Furthermore, we did not evaluate the quality of life of the present patients.
Conclusions
Long-term, device-based automatic measurement of physical activity, as assessed by ALI, in HF patients treated with CRT is feasible. CRT significantly improved long-term physical activity in HF patients with a ventricular conduction delay. The improvement in physical activity was sustained, resembling the effect of a training program. The magnitude of the ALI increases was similar, regardless of HF etiology, underlying rhythm, or the presence of diabetes. Older patients had a lower, yet stable, increase in ALI as compared with younger patients.
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We employed a modified Levenberg-Maquardt 24 method to perform this minimization and computed the regression coefficients. This was performed using a custom Fortran 95 computer program that incorporated the DNLS1 routine from the SLATEC Common Mathematical Library. 25 The standard errors for the regression coefficients were given by Kirkup 26 The inverse was computed analytically and automatically converted to Fortran 95 for inclusion in the computer code using a Maple™ Computer Algebra System. 27 The exponential in [2] asymptotes to the value a + b as T . For finite times, we defined the effective time at the data plateaus as the time at which [2] was within 90%, 95%, or 99% of the asymptotic value a + b. This time was given by where was given by 0.9, 0.95, or 0.99 for the time at which the data was within 90%, 95%, or 99% of the asymptotic plateau, respectively. Using conventional error propagation analysis, 28 the standard error for the plateau times was The E1,1, E2,2, and E3,3 were the diagonal elements of the inverse of the matrix of partial derivatives [9] Tp=1-c ln(1-) [10] tp ≤ c ln(1-).
[3] ∑ (Ŷ (Tn)-Yn) 2 .
